To characterize renal transport of Na+ in heart failure, urinary Na+ excretion (UNaV), aldosterone levels, and Na,K-ATPase activity in isolated nephron segments were determined in three groups: control rats, rats with heart failure and moderate sodium retention, and rats with heart failure and severe sodium retention. Heart failure was induced by a fistula between the aorta and vena cava. For the control group, UNaV was 0.66± 0.04 (mean+ SEM) ,eq/min, and aldosterone was 18.4±3.5 ng%o. Na,K-ATPase activity (in 10`1 mol/mm/min) was 28.4±+1.1 in the proximal convoluted tubule, 23.3±+1.0 in the proximal straight tubule, 37.4+±1.9 in the medullary thick ascending limb, 40.2± 1.9 in the cortical thick ascending limb, 43.2 ±2.2 in the distal convoluted tubule, and 20.5+±0.9 in the cortical collecting duct. For the group with moderate heart failure, UNaV was 0.35+±0.02 (p<0.001 versus control), and aldosterone was 15.9±4.4 (p=NS versus control). Na,K-ATPase activity was unchanged in the proximal convoluted tubule, proximal straight tubule, medullary thick ascending limb, and cortical collecting duct, but it increased in the cortical thick ascending limb to 57.7±3.1 (p<0.001 versus control) and decreased in the distal convoluted tubule to 35.3±+1.2 (p<0.005 versus control). For the group with severe heart failure, UNaV was 0.029±0.016 (p<0.001 versus control), and aldosterone was 186.0±+14.8 (p<0.001 versus control). Na,K-ATPase activity increased in the proximal convoluted tubule and proximal straight tubule to 36.6±1.5 and 40.7±+1.8, respectively (p<0.001 versus control for both). Na,K-ATPase activity decreased in the medullary and cortical thick ascending limbs and distal convoluted tubule to 21.9±3.4, 23±+1.4, and 24.0±+1.5, respectively (p<0.001 versus control for all). Angiotensin II (10`0 M) increased Na,K-ATPase activity in proximal convoluted and straight tubules from control values of 27.1±0.4 and 23.3±1.7 to 34.4±1.8 (p<0.001) and 36.0+1.6 (p<0.001), respectively. These results show that, in rats with heart failure, Na,K-ATPase varies with the severity of Na+ retention. In severe heart failure the increased Na,K-ATPase activity in the proximal nephron may be related to increased angiotensin II levels. (Circulation Research 1991;68:1051-1058 ongestive heart failure is associated with so-C dium retention and edema formation. The site of altered sodium reabsorption along the nephron during congestive heart failure is not well defined. In the experimental model of highoutput heart failure produced by an aorta to vena cava (A-V) fistula, Stumpe et al,' using a micropuncture technique, demonstrated that the site of increased sodium reabsorption is located in the thick ascending limb of Henle's loop. In earlier studies Johnston et a12 suggested that enhanced reabsorption of sodium by the proximal tubule of dogs could be an important factor causing chronic sodium retention during congestive heart failure. These discrepant 
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Thus, the present study was undertaken to characterize the effect of different degrees of congestive Rats with moderate heart failure survived for more than 1 month, but their kidneys were processed for Na,K-ATPase determination at 9 days after A-V fistula formation. Rats with severe heart failure did not survive more than 10 days, and their kidneys were processed for Na,K-ATPase determination at [8] [9] days after A-V fistula formation.
Kidneys of sham-operated rats were processed for Na,K-ATPase determination 9 days after sham operation.
After the above-stated postoperation periods, the rats were killed by bleeding through the descending aorta under light ether anesthesia, and kidneys were removed, microdissected, and prepared for Na,KATPase determination.
In a separate experiment five control rats and five rats that were starved for 6 days with free access to water were studied for their ATPase activity.
Microdissection
Sagittal slices (0.5-1.0 mm thick) were cut and immediately immersed in dissection fluid ([mM] NaCl 136, KCl 3, K2HPO4 1, MgSO4 1.2, CaCl2 2, sodium lactate 4, sodium citrate 1, L-alanine 6, glucose 5.5) plus 0.6% collagenase (145 units/mg; Millipore Corp., Freehold, N.J.). The slices were incubated for 10-12 minutes in a shaking water bath at 37°C and aerated with 100% oxygen. The slices were then removed and rinsed twice in ice-cold pure dissection fluid. Cortical semicircles cut at the corticomedullary border and medullary triangles including the papilla were used to obtain the appropriate segments. The slices were transferred to a Petri dish with dissection fluid and inserted in a cooled Lucite chamber illuminated by a transmission dark-field source as described by Schmidt and Horster.4 Microdissection was performed as described by Burg et a15 and modified by Schmidt and Horster. 6 The length of each segment was measured by an eyepiece micrometer. The segment was rinsed in clean dissection fluid and transferred to a glass ampule for analysis. The tubules were analyzed in their fresh form after freezing at -20°C for 24 or 48 hours.
The distal convoluted tubule (DC) that was dissected included portions of the connecting tubule, and its length was 0.3-0.6 mm. The DC segment was dissected according to its localization peripheral to the corresponding glomerulus toward the renal surface at the continuation of the thick ascending limb. Through the microscope, this segment appeared whiter and wider in its diameter than did the proximal convoluted tubule (PC). DC looked granular and had fewer convolutions compared with the PC segment.
The following cortical and medullary segments were dissected and assayed for their ATPase activity: PC 0.3-0.6 mm, cortical proximal straight tubule (PS) 0.5-1.0 mm, medullary thick ascending limb (MTAL) 0.3-1.0 mm, cortical thick ascending limb In starved rats, only the PC and MTAL were studied for their ATPase activities. In an additional experiment the effect of angiotensin II added in vitro to the incubation medium at a final concentration of 10`'°M on the activity of PC and PS Na,K-ATPase and Mg-ATPase was studied.
Determination ofATPase
The method and apparatus for ATPase determination was previously described in detail.7 Briefly, the method is based on a micromodification by Czaczkes et a18 to the method of Schoner et al. 9 The hydrolysis of ATP by ATPase is coupled to the transformation of phosphoenolpyruvate to pyruvate by pyruvate kinase. Pyruvate is reduced to lactate in the presence of lactate dehydrogenase. NADH acts as the oxygen acceptor and is oxidized to NAD+. There exists a stoichiometric relation between the hydrolysis of ATP and the disappearance of NADH (by oxidation to NAD+). This disappearance can be monitored fluorometrically. In experiments for which the effect of angiotensin II was studied in vitro, angiotensin II was added to the tubular segment 15 minutes before initiation of the reaction at 37°C. The reaction was started by adding the mixture of electrolytes, substrates, and enzymes and proceeded for another 15 minutes.
The assay solution contained (mM) NaCl 80, NH4Cl 53, MgCl2 2.7, imidazole 40, NADH 0.06, ATP (vanadium free, Sigma Chemical Co., St. Louis) 0.42, and phosphoenolpyruvate 0.083, as well as pyruvate kinase 6 units/assay and lactate dehydrogenase 6 units/assay; osmolarity 294 mosm/kg and pH 7.4. Na,K-ATPase was calculated by the difference between total ATPase and Mg-ATPase. The latter was determined by the addition of ouabain (strophanthin-G) to a final concentration of 4 mM.
Na,K-ATPase activity was compared between control rats and rats with severe (group a) and moderate (group b) heart failure.
Blood and urine samples were analyzed for creatinine, sodium, and potassium. The creatinine concentration was determined by an automated picric acid method using the computer-directed Gilford 3500 system (Oberlin, Ohio). Sodium and potassium concentrations in plasma and urine were determined by flame photometry (Instrumentation Laboratories, Boston). Plasma aldosterone levels were determined using the radioimmunoassay kit (Sorim Biomedica, Saluggia, Italy). Angiotensin II was a gift from CIBA-GEIGY, Basel, Switzerland. All reagents were purchased from Sigma. Data are presented as mean±SEM. Analysis of variance was performed for statistical evaluation between the three groups. Results between individual groups were compared by a nonpaired Student's t test with a modified level of significance according to the Bonferroni method. In this setting a value of p<0.025 was considered significant.10
Results

Metabolic Data
Metabolic data for control rats and rats with moderate and severe heart failure after 9 days of A-V fistula formation are summarized in Table 1 . Control rats and rats with moderate heart failure exhibited comparable values for most parameters measured except that rats with moderate heart failure had a decreased sodium excretion rate by 47% (p<0.001) of that of controls. Rats with moderate heart failure had mild edema, their hearts were slightly enlarged, and their fistulas were only somewhat smaller compared with those of rats with severe heart failure. Rats with severe heart failure exhibited extreme changes in most parameters measured. Their food and fluid intake and urine output were decreased compared with those of control rats (p<0.01 for the above three parameters). Creatinine clearance decreased to one third that of control rats (p<0.001). UNaV decreased to less than 5% of control values (p<O.OOl). Urinary K' excretion (UKV) also decreased compared with controls (p<0.001). Plasma Na+ was not changed compared with controls, while plasma K' was increased (p<0.001) and plasma aldosterone mounted to levels 10 times that of controls (p<0.001). The hearts of rats with severe heart failure were markedly enlarged compared with controls (p<0.001) and rats with moderate heart failure (p<O.OOS). The rats with severe heart failure exhibited extreme edema and ascites with pleural effusion despite their very low food intake. In Table 2 the main metabolic data on days 0, 1, 3, 5, 7, and 9 are depicted. It is also evident from this table that rats with severe heart failure ate very little during the whole period of 9 days and lost weight. It should be noted, however, that after 24 hours of A-V fistula Ob moderate Na ret.
* a severe Na+ ret. FIGURE 1. Daily sodium excretion rates (UNaV) in rats with moderate or severe heart failure.
formation, when rats in both groups had very low food intake, UNaV was significantly lower in rats with severe heart failure (p<0.01). Rats with severe heart failure also drank less compared with rats with moderate heart failure, but their urine output was not significantly less compared with rats with moderate heart failure except for day 9, probably because of decreased concentrating ability. This is also reflected by their low osmolar excretion rate, which on day 9 was 6.0±0.5 ,uosm/l in rats with severe heart failure Table 3 shows metabolic data for rats with moderate heart failure on day 20 after A-V fistula formation. UNaV on day 20 was not significantly different from control.
Average UNaV values on days 0, 1, 3, 5, 7, and 9 in rats with moderate and severe heart failure are depicted in Figure 1 Na,K-A TPase and Mg-A TPase Activities Na,K-ATPase activity along the nephron of control rats, rats with moderate heart failure, and rats with severe heart failure are presented in Figure 2 . In rats with moderate heart failure, Na,K-ATPase activity increased by 43.5% (p<0.001) in the CTAL and decreased by 17 .8% (p<0.005) in the DC. In the remaining segments, Na,K-ATPase activity did not change significantly. In rats with severe heart failure, Na,K-ATPase activity increased by 28.9% (p<0.001) and 74.7% (p<0.001) in the proximal nephron PC and PS, respectively, while it dramatically decreased by 41.4% (p<0.001), 42.8% (p<0.001), and 44.4% (p<O.OO1) in the MTAL, CTAL, and DC, respectively. In the CCD, Na,K-ATPase activity did not change in rats with moderate or severe heart failure.
Na,K-ATPase activities in the PC and MTAL of rats that were starved for 6 days are shown in Table  4 . Na,K-ATPase activity did not change in these segments in starving rats.
Mg-ATPase activity for the three groups studied is presented in Figure 3 . Mg-ATPase activity did not change significantly compared with controls for most segments studied from rats with moderate or severe heart failure. However, in the PC, Mg-ATPase increased by 52.1% (p<0.001) in rats with severe heart failure. A similar increase of 41.6% (p<0.02) was observed also for PC Mg-ATPase in starving rats (Table 4) . 10 The effect of 10 M angiotensin II added to the incubation medium of PC and PS isolated from intact rats on Na,K-ATPase and Mg-ATPase is shown in Table 5 . Na,K-ATPase of the PC and PS increased by 27% and 54.5%, respectively, without any change in Mg-ATPase. Discussion The results of this study exhibit two patterns of heart failure after A-V anastomosis that show distinct patterns of renal function, renal sodium handling, and single nephron Na,K-ATPase activity. The group with severe heart failure (group a) had peripheral edema, ascites, pulmonary congestion, and an enlarged myocardium. This group was characterized by markedly abnormal renal function and renal sodium handling. Data for these rats were similar to those of dogs with A-V fistulas, in which a low glomerular filtration rate had been reported." In group a, the plasma aldosterone level was 10 times that of controls, and according to Winaver et al,3 for the same model the plasma renin activity was also markedly increased. Single nephron Na,K-ATPase activity, which represents the active reabsorption of sodium along the nephron, shows significant increases in the proximal tubule (PC and PS) with marked decreases in the enzyme activity in the thick ascending limb of Henle's loop (MTAL and CTAL) and in the DC. The increase in Na,K-ATPase in the PC was accompanied by a marked increase of MgATPase, but in the remaining segments Mg-ATPase did not change significantly. In the PS a marked increase in Na,K-ATPase activity was not accompanied by a similar change in Mg-ATPase. It is not clear at this point whether the increase in Na,K-ATPase activity in the proximal nephron is responsible for, or secondary to, changes in Na+ reabsorption. Because of the fall in glomerular filtration rate and filtered load of sodium observed in these rats, it is hardly conceivable to relate the increase in proximal tubule Na,K-ATPase to increased sodium delivery. However, the fractional reabsorption has increased and possibly the sodium transporting system operates against a steeper luminal-peritubular sodium concentration gradient. This tendency may be reinforced by increased levels of angiotensin II, which is an activator of proximal tubular sodium reabsorption.12-15 When the direct effect of 10-10 M angiotensin II on PC and PS Na,K-ATPase was studied, it was shown to increase this activity to a similar extent to that observed in rats with severe congestive heart failure. The angiotensin II concentration of 10-10 M (about 10 times higher than physiological) was chosen according to the increase in plasma renin activity reported in rats with severe Na+ retention.3 These observations suggest a possible direct role of angiotensin II in the increased Na,K-ATPase activity in the proximal nephron of rats with severe congestive heart failure.
The increase in proximal sodium reabsorption with the concurrent fall in glomerular filtration rate may be expected to markedly decrease distal delivery of sodium. This may be the explanation for the striking M a-SEVERE Na+ RET.
cCD FIGURE 3. Mg-ATPase activity in renal tubules isolated from control rats with moderate heart failure and severe heart failure 9 days afterfistula formation between the aorta and vena cava or sham operation. Data are presented as mean +SEM. Thefollowing cortical and medullary segments were used: proximal convoluted tubule (PC), coticalproximal straight tubule (PS), medullary thick ascending limb (MTAL), cortical thick ascending limb (CTAL), distal convoluted tubule (DC), and cortical collecting duct (CCD). (Table 4) was not different from that of controls, whereas Mg-ATPase in the PC of starved rats increased similarly to that in the PC of rats with severe heart failure. Thus, the increase in Mg-ATPase in the PC of rats with severe heart failure may be related to their low food intake. The marked decrease in Na,KATPase activity in the MTAL, CTAL, and DC of rats with severe heart failure was not accompanied by a similar change in Mg-ATPase excluding a general pathological damage in these nephron segments. Taken together, these observations exclude the nutritional factor as the cause for the extreme fall in Na+ excretion and the changes in Na,K-ATPase activity in rats with severe heart failure. Hyperkalemia and hyperaldosteronism are known to increase rather than decrease Na,K-ATPase activity, mainly in the CCD.1920 Therefore it is unlikely that the decreases in Na,K-ATPase observed in rats with severe heart failure were due to hyperkalemia or hyperaldosteronism.
The second group with moderate heart failure (group b) did not show extreme deviations from normal in most parameters studied, including normal glomerular filtration rate, except that their sodium excretion rate decreased by 47%, similar to what was shown by Stumpe et all for rats with A-V fistula. The heart weights of these rats were not significantly increased when compared with controls. In similar rats, Winaver et a13 found normal plasma renin activity, and here we found normal aldosterone levels. The segmental analysis of Na,K-ATPase activity along the nephron of these rats showed that the main site of increased sodium reabsorption was the CTAL. These results are in accordance with the findings of Stumpe et al,' who demonstrated by the micropuncture technique that the site of increased Na+ reabsorption in rats with experimental heart failure was the loop of Henle. The fall in Na,K-ATPase activity in the DC may stem from avid sodium reabsorption in the loop of Henle with reduced delivery of sodium to this segment.
It may be concluded that in rats with heart failure, Na,K-ATPase varies with the severity of sodium retention. In moderate heart failure, the site of enhanced sodium reabsorption is CTAL, but in severe heart failure, sodium is avidly reabsorbed in PC and PS, while in the MTAL, CTAL, and DC reabsorption is decreased, presumably because of reduced delivery. High angiotensin II levels may play a direct role in the increased Na,K-ATPase activity and enhanced Na+ reabsorption in the proximal nephron in severe CHF. Furthermore, the beneficial response to angiotensin converting enzyme inhibitors in patients with severe CHF may be related to the abolition of the effect of angiotensin II to increase proximal Na+ reabsorption. These findings may explain the efficacy of loop diuretics in mild to moderate heart failure with refractoriness to these agents in severe heart failure.
